Broadband Dielectric Spectroscopy (BDS) measurements of Pοlyaniline/Graphene oxide composites were conducted for an as-prepared and a thermally annealed specimen, respectively, from 15K to room temperature.
Introduction
The rapidly emerging field of polymer science has introduced many innovative nanocomposites of significant technological and scientific importance. Indisputably, in modern technology, novel materials that combine superior electric properties, stability and low cost production are highly desired. Polyaniline (PANI), as an intrinsically conducting polymer [1] , is a very promising candidate for developing functional graphene/polymer composites. PANI possesses exceptional physicochemical properties, such as flexibility, solution processibility and tunable conductivity by undergoing reversible doping processes (protonation mechanism of imine nitrogen atoms) [2] . Graphene oxide (GO) is considered an attractive graphene-based material produced in large scale and at a lowest cost [10] . Similarly to graphene, GO presents a sp 2 hybridized planar structure except for diverse chemical oxygen-based groups present on the surface. These functional groups render GO itself electrically insulating and thermally unstable but also provide a substrate for a variety of chemical modifications and chemical bonds [3, 4] .
It is well known that protonation of PANI results in its reduction to a disordered system with a granural metal type structure involving regions of metallic conductivity randomly interspersed within the amorphous phase [5] . The metallic phases originate from the highly-packed ordered chains that form metallic bundles or "grains" in which electron states are three-dimensionally extended [6] . The macroscopic conductivity is then dictated either by quasi-1D hopping [5] or fluctuation-induced tunnelling [24] of charge carriers penetrating the potential barrier that separates neighboring metallic domains. With regard to the material under investigation in the present work, dc conductivity dependence upon temperature reveals a metal to insulator transition [7] . In general, disorder in organic "quasi-metals" arises from a combination of microscopic disorder as well as structural inhomogeneity at mesoscopic scales [8, 9] . The term "metallic" is broadly used to describe polymers that share a common characteristic with conventional metals, whereas finite resistivity ρ(Τ) is observed as an effect of the random collisions of the electrons drifting ballistically through the metal, even when temperature approaches absolute zero [8] .
To the best of our knowledge, metallic behavior in PANI/GO, also expanding in a temperature range up to 75 K, has not yet been reposted. Considering that PANI/GO has been extensively investigated as a material for organic electronics technology due to its high capacitance and electrochemical performance by easy reversal doping or dedoping processes [10] [11] [12] [13] , here we focus on a conducting PANI composite with enhanced electrical properties targeted to semiconductor applications. The aim of this study is to enlighten the physical phenomena that arise in the microscopic scale and contribute to the aforementioned crossover in nature of the dc conductivity. The stability of the dc conductivity and its transition temperature are comparatively explored and interpreted. software was used for monitoring the data acquisition [17] .
Results and discussion

Distinction among different conductivity modes
Within the context of a transition from a metallic to an insulating behavior, in the vast majority of conducting polymers, dc-conductivity vs. temperature plots can be divided into three distinct regimes [18] ; i) in the insulating regime, where conductivity exhibits a positive temperature dependence and extrapolates to zero at low T, Mott-like behaving [19] ii) in the critical regime, where the resistivity is approximately not activated [20] iii) in the metallic regime where the conductivity exhibits a negative temperature coefficient and remains non-zero at low T.
In principle, complex conductivity σ * (f)=iωε ο ε * (f), where ε ο denotes the permittivity of vacuum and ε * (f) is the complex permittivity, consists of a real and an imaginary part, whereas the real part σ´(f) includes a constant dc component σ dc [21] . The BDS spectra recorded ( Fig.1) indicate that the overall electrical conductivity of the blends dominates to any dielectric relaxation peak that is probably stimulated by interfacial polarization processes due to the inhomogeneous structure. As can be seen in the aforementioned typical diagram, σ΄(f) isotherms from 16K to the room temperature limit for PANI(APS)/GO, are frequency-independent and remains so for the entire frequency range employed in this work. The temperature dependence of the dc conductivity σ dc , depicted in Fig. 2 , is characterized by a variation in its monotony at low temperatures. The latter can be effectually described in terms of a Metal to Insulator transition (MIT). The slope for the fresh sample exhibits a sign reversal around 75 K, suggesting that a MIT occurs. Concerning the annealed sample, the slope retains its sign, but a small change in the (absolute) value, around the same temperature reported above for the fresh sample, evidences for a crossover to the insulating regime; however, it seems that the transition spans over a broad temperature range below 75 K.
Quantum phase transitions in conductivity-temperature transitions are accurately determined by plotting the Stickel plots [22] . A Stickel plot consists of the logarithm of σ dc versus reciprocal temperature (Fig. 3) related to the effective height of a potential barrier separating randomly distributed conducting regions, negative value signifies the "barrier-less" motion, i.e., quasi-free electron transport. Thus, the metal-insulator transition is manifested by the sign reversal of E act .
The effect of GO on the transition temperature
The conductivity-temperature plot of neat PANI(APS) (inset diagram landscape. Τhe transition towards the metallic state upon cooling has been traced previously for many different conducting polymers, as well. For instance, for PF 6 -doped poly(3,4-ethylenedioxythiophene), its conductivity decreases monotonically down to 10 K; further below, its temperature derivative changes its sign [23] . Such behavior is common in amorphous metals, and the transition is interpreted as the low-temperature contribution of electron-electron interactions [18] , i.e. backscattered electronic wavefunctions interfere augmenting resistance at low temperatures.
Above the MIT temperature, both fresh and thermally treated PANI(APS)/GO samples exhibit a common T -1/2 dependence (Fig.4) . The granular-metal-like fluctuation induced tunnelling model (FIT) [24] , predicts a dependence:
where T 0 being a fitting parameter linking to an apparent activation energy E a,0 =kT 0 . The aforementioned dependence picture is dominant at higher temperatures (T >75 K) and evidences for a phonon-assisted-tunnelling mechanism of carriers transferring among the conductive grains [25] . We note that a temperature dependence similar to eq. (1) is implied alternatively for conducting PANI within the charging energy limited tunnelling model (CELT) [26] . Succinctly, the insulating phase is well manifested above the transition point, as the quasi-free electronic transport is obstructed by the increased vibrational motion of atoms and molecules and the electron-electron contributions become negligible.
The values of the characteristic parameter of eq. (1) T o are obtained from the slope of the plots depicted in Fig.4 . Its increase from T o =3.1(1) K to T o =11.5(2) K induced by the annealing process, is commonly associated with the reduction of the conductive protonated phase and the shrinking of the metallic grains in conducting PANI systems followed by thermal aging [27] [28] [29] [30] [31] . This is also the case for conducting PANI(APS)/GO; The parameter T o is directly related to the ratio s/d as:
where s is the average distance between neighboring conductive grains, d is the average grain size and U denotes the Coulomb repulsive energy of two electrons at a distance equal to the size of a PANI monomer [28] .
Given that U is roughly 2 eV and to retain its value constant as a function of aging, the ratio s/d is found to increase almost as 93%; according to our calculations based on eq. Fig. 3 , indicating that the macroscopic charge conduction faces higher effective potential barriers alongside an annealed polymer matrix. From this point of view, the resultant broadening of the insulating regions in expense of the metallic ones, accounts for substantial disorder which disturbs the extended conduction network and causes the electronic states to become localized. Obviously, annealing plays a revealing role to achieving intense semiconducting state, and therefore extended charge motion is suppressed and the MIT point shifts towards to a lower temperature , i.e., below 15K. However, one can observe weaker temperature dependence of the dc conductivity in spanning from 75 K to 15 K (Fig.2) : the conductivity is still dominated by phonon-assisted hopping between localized states, which competes with the extended electronic transport.
While the thermal degradation of the electrical conductivity in various conducting PANI systems is reported in the literature [27] [28] [29] [30] , our findings in PANI(APS)/GO indicate a slight change of the net values of the dc conductivity. This modest increase can be explained as the effect of the drastic conductivity degradation observed in PANI counterbalanced by the systematic charge carrier supply from GO conducting islands. The latter, also constitutes a favorable indication that the introduction of GO plays a leading role for monitoring the concentration of electric charge carriers in the composite and optimizing the stability of the electrical properties of PANI as well.
Conclusions
Τhe dc conductivity of doped-Polyaniline/Graphene oxide composites exhibits various temperature dependencies from 15 K to room temperature. The results are consistent with the picture of a heterogeneously disordered matrix resembling that of a granural metal. The grainy network is further enriched in extended electronic states supplied by the embedded GO. A transition from the metallic to the insulating phase is observed around 75 K and confirmed by plotting the Stickel diagrams, from which the effective height of potential barrier is determined. Thermal annealing alters the low temperature metallic region to a semi-insulating one by reversing the sign of the temperature derivative of the dc conductivity, probably as the result of the competition between the extended electronic transport and the localization effects due to the modification of the conduction network. Despite the aforementioned dynamics in electron transport after the thermal treatment, its net values are moderately increased, probably as the reduction of charge carriers due to deprotonization of PANI is balanced by those gained by the GO dispersion. GO is likely to maintain the overall conductivity on thermal annealing, while the carriers' dynamics departs from that of quasi-free electron transport. 
